1. Introduction {#sec0005}
===============

Porcine epidemic diarrhea virus (PEDV) belongs to the family *Coronaviridae*, first recorded in pigs in England in 1971 ([@bib0130]), and subsequently spread to other European and Asian countries ([@bib0135]) and North America ([@bib0070]). Porcine epidemic diarrhea is a global infectious disease and is characterized by high morbidity and mortality in pre-weaned piglets, and causes serious economic losses to the swine industry in China ([@bib0045]; [@bib0100]).

PEDV is an enveloped coronavirus with a 28 kb positive-stranded RNA genome, containing at least seven open reading frames ([@bib0095]). These mainly encode four major structural proteins: the spike (S), nucleocapsid, membrane, and envelope proteins. The S protein is a glycoprotein and can form homotrimers to mediate membrane fusion and gain entry into host cells ([@bib0010]). It is known that the S protein of coronavirus plays a crucial role in the induction of neutralizing antibodies, and it has been used to prepare effective vaccines ([@bib0020]; [@bib0145]). The amino-terminal portion of the S protein of several coronaviruses has been shown to contain key antigenic sites that are responsible for eliciting humoral and cellular immune responses ([@bib0055]).

The mucosal immune system in the gut faces the formidable task of eliminating potential pathogens while maintaining a mutually beneficial relationship with the commensal microbiota. Antibodies of the secretory immunoglobulin A (SIgA) class act as the first line of antigen-specific immunity in the gut, and can recognize both pathogens and commensals ([@bib0135]). In contrast to serum IgA, which is derived from plasma cells in the bone marrow, SIgA is generated locally by plasma cells in the lamina propria, which lies beneath the intestinal epithelium ([@bib0085]). The protective action of SIgA in the infant gut is a result of many processes, including intracellular neutralization and viral particle excretion, immune exclusion, whereby SIgA agglutinates bacteria and viruses, as well as prevents the binding of pathogens to mucosal surfaces, and interference with bacterial motility ([@bib0150]). At high endogenous concentrations of SIgA, infants are less likely to have experienced illness in the preceding and subsequent months ([@bib0015]).

PEDV can affect the intestinal tract, and based on the above results, we can infer that the SIgA concentration in the colostrum and rectal swab is a better marker than IgA of protection and survival rate after virulent PEDV challenge. Tools to monitor PEDV mucosal immunity and colostral immunity could be useful for the development of preventative programs on affected farms. Therefore, the aim of this study was to develop a simple and rapid immunochromatographic test strip incorporating a colloidal gold-labeled anti-SIgA SC mAb probe for the detection of anti-PEDV-specific SIgA in swine, and to compare its performance with an indirect SIgA ELISA based on the whole PEDV virus ([@bib0030]).

2. Materials and methods {#sec0010}
========================

2.1. Viral propagation and purification {#sec0015}
---------------------------------------

Vero E6 cells (American Type Culture Collection no. CRL-1586) were used to propagate PEDV (GenBank accession no. KT323980). Virus was propagated according the method described by [@bib0120] with minor modifications. Briefly, growth medium was removed (containing 5 % FBS) when the cells formed a confluent monolayer and were then washed with phosphate-buffered saline (PBS, pH 7.2). Then, PEDV containing 1 × 10^5^ plaque forming units (PFU) were diluted in 10 ml of DMEM (DMEM, Gibco BRL Life Technologies, USA) (containing 100 μg trypsin), and added to each culture bottle and incubated at 37 °C. Virus was harvested and purified according to the methods described by [@bib0120]. The purified viruses were negatively stained with 3 % phosphotungstic acid (pH 7.0) for 30 s according to previously described procedures ([@bib0025]; [@bib0080]). And then identified by H-7650 electron microscopy (Hitachi, Japan).

2.2. Colostrum samples {#sec0020}
----------------------

SPF swine were used to produce colostrum. A total of four specific pathogen free swine (supplied by Experimental Animal Base, Harbin Veterinary Research Institute of the Chinese Academy of Agricultural Sciences) were used in this study. Three swine were immunized with PEDV (LNCT2 strain), transmissible gastroenteritis virus (TGEV) strain H16 (GenBank accession no. FJ755618), and porcine rotavirus (PoRV) A (GenBank accession no. JF781161), respectively. All the viruses were inactivated by 0.5 % methanol solution (PBS, pH 7.2) at 37 °C for 24 h, and then emulsified with Freund\'s complete adjuvant (Sigma-Aldrich, St. Louis, MO, USA). And they were performed by neck intramuscular injection. The fourth animal was immunized with DMEM as control and each swine was immunized twice. The first immunization was 40 days before delivery whereas the second immunization was 20 days before delivery. After delivery, colostrum from the four swine was collected and store at −20 °C. The protocols involving animal immunity in this study were approved by our institute's Animal Care and Use Committee and performed in accordance with standard ethical guidelines.

2.3. Preparation and purification of the anti-SC mAb {#sec0025}
----------------------------------------------------

The hybridoma cell line 2F9, stably secreting mAb against SIgA SC protein ([@bib0050]) was cultured in the peritoneal cavities with Pristane (Sigma-Aldrich, St. Louis, MO, USA) primed BALB/c mice to obtain ascites fluid. The ascites fluid was purified by HiTrap protein G HP (GE healthcare) according the manufacturer's instruction and the purified antibody was identified by SDS-PAGE. The gel was stained by coomassie blue.

2.4. Conjugation of mAb with colloidal gold {#sec0030}
-------------------------------------------

Colloidal gold with an average particle diameter of approximately 20 nm was purchased from Shanghai Kinbio Tech. Co. Ltd. (China). The colloidal gold-labeled mAb was prepared according to the methods described by [@bib0110] with some modifications. Briefly, 0.9 mL (1 mg/mL) of purified mAb was incubated with 100 mL of colloidal gold solution (pH 8.2) for 20 min at 20 °C. After addition of 1 mL of a 3% casein solution, the mixture was incubated at 20 °C for 10 min. Then, the mixture was centrifuged at 40,000 × g for 10 min at 4 °C. The supernatant was discarded and the pellet of the colloidal gold-labeled mAb was suspended in 4 mL of 0.02 M sodium borate buffer (containing 0.1 % NaN3, 2 % bovine serum albumin (BSA), 1 % sucrose) and stored at 4 °C.

2.5. Preparation of the test strips {#sec0035}
-----------------------------------

The colloidal gold-based lateral flow test strips were generated according to the procedures described by [@bib0115], with some modifications. Briefly, 25 × 300-mm pieces of glass fiber was immersed in phosphate-buffered saline (0.2 M, pH 8.0, containing 10 mM EDTA, 1 % Tween-20, and 10 % BSA) for 2 h at 20 °C. Next, the pieces were dried for 2 h at 37 °C and stored for use as the sample pad. Glass fiber was also immersed in phosphate-buffered saline (0.1 M, pH 7.4, containing 2.5 % mycose, 1 % BSA, 1 % Tween-20) for 2 h at 20 °C and then dried for 2 h at 37 °C and stored for use as the conjugate pad. The conjugate pad was covered with an appropriate volume of colloidal gold-labeled anti-SIgA SC mAbs (2F9) using a XYZ3060 dispense platform (BioDot, Inc., Irvine, CA, USA), and then dried at 37 °C for 2 h and stored dry. Purified PEDV particles were dispensed onto the nitrocellulose (NC) membrane to serve as the test line, and goat anti-mouse IgG polyclonal antibody (pAb) was dispensed onto the NC membrane, (being separated by a distance of 7 mm) to serve as the control line. The PEDV particles and goat anti-mouse IgG pAb were diluted with coating buffer to a final concentration of 0.02 and 1.0 mg/mL, respectively. Then, the NC membrane was dried at 37 °C for 2 h and stored in the dry at room temperature until use.

2.6. Assembly principle and use of the test strips {#sec0040}
--------------------------------------------------

The test strips were assembled and used as described by [@bib0115]. The sample pad, conjugate pad, NC membrane, absorbent pad and backing plate were assembled in sequence. The sample pad and the conjugate pad were overlapped by 2 mm with one end of the conjugate pad; the other end of the conjugate pad was overlapped (2 mm) with one end of the NC membrane underneath the conjugate pad; the absorbent pad was stuck to the other side of the NC membrane. After this, the whole plate was cut into 3 mm-wide strips, which were assembled in the strip cassettes with desiccant.

To test for colostrum, we diluted the samples 1: 20 in sample buffer and mixed thoroughly then, 100 μL of the solution was dispensed onto the sample pad well of the strip apparatus to determine the presence of PEDV specific SIgA, as described above. With this system, the liquid migrates towards the absorption pad by capillary action. The SIgA in the colostrum samples will form a "gold-labeled antibody-SIgA" complex with the gold-labeled antibody on the conjugate pad. If the colostrum sample has PEDV specific SIgA present, the PEDV specific "gold-labeled antibody-SIgA" complex, while migrating to the NC membrane, will bind to PEDV, thereby displaying a red line in the T line area. Additional complex migrates further to react with the goat anti-mouse IgG pAb, showing another red line in the C line area. Negative samples do not produce a red line in the T area, whereas the C line will always show a red line. The results can be seen within eight minutes at room temperature.

2.7. Validation of specificity and sensitivity of the immunochromatographic strip test {#sec0045}
--------------------------------------------------------------------------------------

PEDV SIgA positive colostrum, TGEV SIgA positive colostrum, PoRV SIgA positive colostrum, and PEDV SIgA negative colostrum were used to test the specificity of the strip. The sensitivity of the strip was evaluated by comparing the detection of the same samples with PEDV SIgA ELISA Kit. The detection limit of the strip was evaluated by using PEDV SIgA positive-colostrum and colostrum titers determined by using an ELISA Kit ([@bib0030]) as the reference standard with minor modifications. In brief, sample buffer was used to dilute colostrum from 1:10 to 1:100, and 100 μL of the solution was added into microtiter plates (Costar, Corning, NY, USA) incubated at 37 °C for 1 h. After a washing step, a horseradish peroxidase mouse anti-pig SIgA SC antibody 1: 3000 dilution was added and incubated at 37 °C for 45 min. After three times wash with PBST, the peroxidase reaction was visualized using 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (BBI, Shanghai, China) as the substrate for 15 min at 37 °C, and the reaction was stopped by adding 50 μL of 2.5 M sulfuric acid to each well. Optical densities (ODs) were measured at 405 nm using an ELISA plate reader (BioTek Instruments, Winooski, VT, USA).

For the sensitivity of the ELISA kit, one PEDV specific SIgA positive colostrum was still positive when diluted at 1: 6400. For the specificity, the ELISA kit has no cross-reaction with TGEV as well as PoRV specific SIgA positive colostrum ([@bib0030]).

2.8. Colostrum assay performance using field samples {#sec0050}
----------------------------------------------------

Sixty three colostrum field samples from Hebei, Shandong and Heilongjaing province were assayed by the strip and the PEDV specific SIgA ELISA ([@bib0030]). By comparing results obtained by the two methods, Kappa statistic value was used to evaluate the effectiveness of the test strip.

3. Results {#sec0055}
==========

3.1. Identification of the purified PEDV by electron microscopy {#sec0060}
---------------------------------------------------------------

After removing sucrose, the bands between the 20 % and 40 % and 40 % and 60 % sucrose solutions were identified by electron microscopy. In the 40 % and 60 % sucrose solution band, PEDV particles were observed and their diameter was approximately 130 nm ([Fig. 1](#fig0005){ref-type="fig"} ).Fig. 1Identification of purified PEDV by electron microscopy. The band between the 40 % and 60 % sucrose solutions was collected with a syringe, and after removing the sucrose the purified viruses were identified by electron microscopy. Scale bar =100 nm.Fig. 1

3.2. Identification of the purified antibody by SDS-PAGE {#sec0065}
--------------------------------------------------------

Ascites fluid containing mAb 2F9 was purified by HiTrap protein G HP and the purified antibody was identified by SDS-PAGE. As the results show ([Fig. 2](#fig0010){ref-type="fig"} ), the purified antibody had two brands, a light chain and heavy chain. The purified antibody was stored until further use.Fig. 2Identification purified antibody by SDS-PAGE. Lane 1: ascites fluid of mAb 2F9 (2 μL was added); Lane 2: purified antibody (1 mg/mL, and 2 μL was added); M: Marker. The gel used was 12 % acrylamide and stained by coomassie blue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).Fig. 2

3.3. Specificity and sensitivity of the immunochromatographic strip {#sec0070}
-------------------------------------------------------------------

The assay specificity was determined using anti-PEDV specific SIgA positive colostrum, anti-TGEV specific SIgA positive colostrum, anti-PoRV specific SIgA positive colostrum, and anti-PEDV specific SIgA negative colostrum. As shown by the strips listed in [Fig. 3](#fig0015){ref-type="fig"} , the anti-PEDV specific SIgA positive colostrum was positive at the test line; the other colostrum samples were negative, suggesting that the immunochromatographic strip had good specificity. Anti-PEDV specific SIgA positive colostrum was diluted to determine the sensitivity of the strip. According to the results shown in [Fig. 4](#fig0020){ref-type="fig"} , the strip had a sensitivity of up to 1: 50, while the detection limits of the ELISA kit reached 1:160 dilution ([Table 1](#tbl0005){ref-type="table"} ).Fig. 3Specificity of the immunochromatographic strip. Lanes 1 to 6: strip detection of the anti-PEDV specific SIgA positive colostrum, anti-TGEV specific SIgA positive colostrum, anti-PoRV specific SIgA positive colostrum, anti-PEDV specific SIgA negative colostrum, water, milk. The samples were diluted at 1: 20 in sample buffer and mixed thoroughly. Then, 100 μL of the solution was dispensed onto the sample pad. C stands for control line, T stands for test line.Fig. 3Fig. 4Sensitivity of the immunochromatographic strip. Lanes 1 to 8: detection of different dilutions of anti-PEDV specific SIgA positive colostrum (1:20, 1:30, 1:40, 1:50, 1:60, 1:70, 1:80, and 1:90). The strip detection limit was 1:50 for anti-PEDV specific SIgA positive colostrum. C stands for control line, T stands for test line.Fig. 4Table 1Determination the anti-PEDV specific SIgA antibody titers using ELISA.Table 1SamplesDilution1:201:401:801:1601:3201:6401:1280Mean OD~405~ Valueanti-PEDV specific SIgA positive colostrum1.3181.1531.0930.6190.3680.2670.198anti-TGEV specific SIgA positive colostrum0.287nullnullnullnullnullnullanti-PoRV specific SIgA positive colostrum0.265nullnullnullnullnullnullanti-PEDV specific SIgA negative colostrum0.239nullnullnullnullnullnull[^2]

3.4. Comparison between the strip and ELISA for detection of colostrum in field samples {#sec0075}
---------------------------------------------------------------------------------------

All of the 63 colostrum samples were detected by the strip and ELISA mentioned above. As shown in [Table 2](#tbl0010){ref-type="table"} , 53 colostrum samples were anti-PEDV specific SIgA positive as determined by the strip assay, whereas 55 colostrum samples were anti-PEDV specific SIgA positive as detected by the ELISA. The kappa statistic value for the comparison of the strip versus the ELISA kit, was 0.612. For the interpretation of agreement of the kappa statistic, a value of 0.2 to 0.4 is considered fair, 0.4 to 0.6 is moderate, 0.6 to 0.8 is good, and 0.8 to 0.9 is very good ([@bib0005]). The kappa statistic value was 0.612, suggesting that the strip could be used to detect PEDV specific SIgA in colostrum samples.Table 2Comparison of the strip with ELISA for detection of colostrum field samples.Table 2The stripsELISATotalKappa valuePositiveNegativePositive512530.612Negative4610Total55863

4. Discussion {#sec0080}
=============

Antiviral antibody detection is key for vaccine immunity surveillance and in determining pig exposure to PEDV. Currently, indirect ELISAs used to assay IgG, IgA, SIgA, have been established to monitor antibodies against PEDV ([@bib0040]; [@bib0105]; [@bib0030]). Also, reverse transcription-polymerase chain reaction (RT-PCR) ([@bib0075]), duplex RT-PCR ([@bib0090]), and other methods have been used to monitor PEDV. Although the presence of antibodies in serum is not directly related to protection of sows or piglets, serological examinations facilitate the assessment of the humoral responses to PEDV, elicited either through vaccination or natural infection. However, the above-mentioned methods are time-consuming and require professional/technical personnel and are mainly limited to laboratory use. The immunochromatographic test strip used to detect anti-PEDV specific SIgA described here is easy to operate, and sensitive.

It is known that PEDV is mainly transmitted by the fecal-oral route and disease is initiated following interaction with the mucosal surface lining the digestive tract. The primary defense used by this tissue is the mucosal immune system. Antibodies from the SIgA class act as the first line of antigen-specific immunity in the gut. They prevent pathogens from binding to mucosal surfaces, and agglutinate bacteria and viruses ([@bib0150]). Therefore, SIgA levels are an important index by which to evaluate PEDV infection and immune states. In this study, SIgA, as opposed to IgG, detection was developed to assess PEDV infections and vaccination.

Here a PEDV SIgA-specific immunochromatographic test strip was developed. The purified PEDV-LNCT2 particles, which belongs to the G2 genotype, were used as capture antigen. The shared amino acid identity of the PEDV LNCT2 S protein and the PEDV CV777 (G1 genotype) S protein (GenBank accession number KT323979) is 93.2 %, whereas it is only 46.1 % for the PEDV LNCT2 S protein and the TGEV S protein (Purdue strain, GenBank accession number DQ811789). Reactivity using the polyclonal antibodies (PAbs) revealed significant cross-reactivity between the two PEDV subtypes, although there was a two-fold difference in the antigenic responses based on PAb titers in the ELISA and IFA ([@bib0155]). Therefore, the ELISA antigen based on the PEDV-LNCT2 particles could detect both G1 and G2 genotype strains. Additionally, the PEDV particles used in the present study had no cross-reactivity with anti-TGEV positive specific colostrum or anti-PoRV positive specific colostrum ([Fig. 3](#fig0015){ref-type="fig"}). Furthermore, the strip had a sensitivity of up to 1:50, whereas the ELISA kit limits for the same sample was 1:160 ([Table 1](#tbl0005){ref-type="table"}). Based on these results, the anti-PEDV specific SIgA immunochromatographic test strip could be used to effectively monitor SIgA levels.

Previously, researchers have used ELISAs to study the effect of PEDV on mucosal immunity; an indirect ELISA based on the S1 protein of PEDV was used to detect IgA levels in colostrum and fecal samples to evaluate PEDV colostral immunity ([@bib0065] and [@bib0060]). IgA plays an important role in providing protection at mucosal surfaces, and it is effective in neutralizing bacterial toxins. Furthermore, polymeric IgA has been shown to be more effective at neutralizing exotoxins from *Clostridium difficile* when compared to either monomeric IgA or IgG with the same variable regions ([@bib0140]). SIgA consists of the SC, two IgA molecules, and a linking chain. SC protects SIgA from proteolytic degradation ([@bib0085]), making the SIgA more stable. It has been estimated that approximately 3 g of SIgA is transported daily into the intestines of the average adult ([@bib0125]; [@bib0035]), where SIgA forms the first line of antigen-specific immune protection against ingested, inhaled, or sexually transmitted pathogens and antigens at mucosal surfaces ([@bib0085]), making it more important than IgA. In this study, we investigated the SC portion to detect SIgA in colostrum samples, as this can eliminate the effect of monomeric IgA.

After infection with coronaviruses, such as PEDV or TGEV, or after vaccination, SIgA is generated locally by plasma cells located in the lamina propria, which underlies the epithelium ([@bib0085]). Therefore, the anti-PEDV specific SIgA immunochromatographic test strip established in this study could be used to detect infections and immune states. By determining the SIgA level, we could assess whether pig herds (Unvaccinated) have been infected by PEDV, as well as pigs (vaccinated) could been protected against PEDV, highlighting the versatility of our method.

Therefore, monitoring SIgA titers in colostrum and milk samples could be performed to ensure that piglets receive adequate passive immunity. The anti-PEDV specific SIgA immunochromatographic test strip for the detection of SIgA antibodies developed in our study provides a simple, sensitive and specific tool for monitoring passive immunity and PEDV infection.
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